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In this project, a simple and convenient scheme to generate millimeter-wave 
signal optically with a two-section distributed feedback(DFB) laser is 
demonstrated. Under different bias conditions, the laser diode can oscillate at 3 
sets of double modes at 1300.13/1300.36 nm, 1300.51/1300.03 nm, and 
1300.00/1301.20 nm, respectively. By beating these dual mode signals, 
millimeter-wave signals at frequencies of 49, 76, and 208 GHz can be generated. 
These millimeter-wave signals have been successfully transmitted over a 25 km 
single mode fiber link. 
The two-section DFB laser can act as a compact source of millimeter-wave 
signals. One of its major advantages is the simplicity of configuration. As the 
millimetre-wave signal is obtained by beating two optical waves coming from the 
same laser diode, no polarization control is needed. Moreover, noises generated 
by mechanical instability and fluctuation of the ambient temperature can be 
neglected. The intensities of the modes of each set of dual-mode oscillation can 
be equalized by fine tuning of the injection currents. Therefore, no intensity 
� ’ 
equalization scheme is needed. As the laser diode is under continuous wave 
operation, the beat signals are also continuous. Moreover，since the dual-mode 
oscillations can be simply controlled by varying the injection currents, the 
millimeter-wave output can be switched 'ON' or 'OFF' conveniently by modulating 
the injection currents. Thus digital signals can be directly fed into the millimeter-
wave subcarriers and then transmitted over the optical fiber network. This 
technique of optical generation of millimeter-wave can be applied to various 
millimeter-wave systems such as broadband micro/pico cellular systems and 
millimeter-wave wireless access networks. 
Dual-mode oscillation is a phenomenon in DFB lasers without 入/4 phase 
shift or anti-reflection coating. Wavelength tuning can be achieved with multi-
section lasers. Based on the coupled wave theory and transfer mode method, a 
computational model is implemented to simulate the spectral behaviour of the 
two-section DFB laser. The simulated wavelength tuning and dual-wavelength 
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Chapter 1 Introduction 
Section 1.1 Background of Optical Generation of Millimeter Waves 
Nowadays, mobility and high capacity are two of the most crucial aspects of 
communications. The surging numbers of subscribers ofcellular mobile telephone 
networks show enormous demand for mobility services. In the future, other than the 
voice-only services - telephony, multimedia applications and services, involving a 
mixture of text, voice, image or video are expected to make a significant 
contribution to telecommunications traffic. The recent progress in multimedia 
capabilities of WWW browser on the Internet and emergence of video-on-demand 
are proofs of an increasing demand for multimedia services. Thus, it can be 
foreseen that there is a latent demand for mobile multimedia services. Recent 
research activities[l] are looking for a delivery mechanism ,which allows wireless 
access and provides the necessary broad bandwidth. 
Most widely used systems occupy spectrum up to low microwave 
frequencies from 900 MHz to 1.8 GHz. For example, mobile radio telephony 
为、 
mainly uses frequencies around 900 MHz. In this region, a line-of-sight (LOS ) path 
is not required for successful transmission due to the relatively long wavelength 
and electronic implementations are relatively cheep. However, the channel 
capacities are limited as the spectrum is very hard to obtained. Table 1.1 shows the 
frequency ranges for existing wireless systems[2]. High frequency radio up to the 
low millimetre-wave bands (30, 40, 60 GHz) have been considered due to its free 
space propagation and large spectrum availability. The gap between 60 GHz 
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systems and Infra-red (ER) systems has not been addressed yet, apart from some 
specialist military applications such as RADAR in the range of 90 to 100 GHz. 
Frequency range system type 
VHF, low microwave mass market (e.g. mobile phone, paging, 
(0.1—5 GHz) radio access) 
high microwave，low millimeter-wave niche(e.g. braodband radio access, inter-
(5一60 GHz) buiding links) and expermental 
between low millimeter-wave and some specialist militaty applications 
infrared QR) (90-100 GHz) 
(60 GHz—200 THz) 
infra-red (IR) niche(e.g. outside broadcast, office 
(200—300 THz) LANs) and experimental 
Table 1.1 Frequency ranges for wireless systems 
Although using millimetre-wave radio is an attractive idea for it's broad 
bandwidth and ample number of radio channels which can facilitate the 
transmission of more and more information around the world, there are many 
problems to be solved. In general, propagation above 3 GHz requires a LOS path for 
1、 
transmission as the coverage afforded by diffraction is scaled with wavelength. 
Thus long distance free space propagation of millimetre-wave signal is impossible. 
Besides, electronic implementations in this frequency range tend to be much more 
expensive and difficult to design. Optical fiber network is an attractive approach 
for the efficient long haul delivery of the millimeter-wave signals to the antenna 
base stations. 
1-2 
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Commercial millimetre-wave systems operating at frequencies around 60 
GHz are available for point-to-point high capacity links in local area networks 
(LAN). More sophisticated systems for very high data rate wireless LAN 
applications are underway. Lti Europe, the RACE project 'Mobile Broadband 
system，(MBS) is developing the necessary air interface, mobility management and 
radio resource arrangement for a full mobile system allocated with the frequency 
bands around 60 GHz. The transmission rates are up to 155 Mb/s[2]. Jn Japan, the 
Communications Research Laboratory (CRL) is also developing a wireless access 
system adopting an approach called Minimum Delay Spread[3]. The configuration 
is shown in Fig.Ll . Millimeter-wave signals are vertically transmitted in a pico-
cellular zone structure, where a hub station antenna is installed on the ceiling, and 
most user station antennas are located in the pico-cells within an room. This 
network can avoid man-made shadowing as it minimizes the possibility of a 
person's interruption into the direct path between hub and users, thus enables 
wireless transmission of LOS signals. 
/ / / / ^ ^ / / / / / / / / / / / / j ^ z 
BASE STATION-^/ i \ / , / 
ANTENNA ..'"^ ^^ J^ ^ \ ABSORBER ..•'' 
, . .I ^ \ /• 
• ！ * • 
..• /• a / ..., / 
丨 , . 梦 . I fl \ / . fl ^ 
USER ^ y 
赚 歸 丄 . i . V _ 
•i i ' l I' ‘ |'AFLqf^ FmFFt 
~ ~ ‘ / 
• , ' • . _ • _ ^ .. . . _ _. ._•» _ ^~r"* *"TT* !DZ Z 
Fig.1.1 Minimum Delay Spread system, a hub station antenna is installed on the 
ceiling, and most user station antennas are located in the pico-cells within an room. 
r • •. • • 
. . - - • • 
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I f the 'millimeter-wave on fiber’ system is deployed in the future, there wi l l 
be a huge number of base-stations since the propagation distance of millimetre-
wave is limited by the requirement of LOS path. Therefore, the cost of each base-
station must be very low. l f the millimetre-wave signals can be optically generated 
from a central location and distributed through the well established flbre-optic 
networks, then the base-station can be a simple and remote antenna, without 
frequency conversion or signal processing functions, which should be inexpensive 
to manufacture. 
Various techniques of optical generation of millimeter-waves have been 
developed. They include direct intensity modulation[4], resonant modulation[5], 
passive inode-locking[6], heterodyning two optical waves coming from 1) two 
single mode lasers[7-ll], 2)one laser diode with a Mach-Zehnder 
modulator[12,13], 3) Febry-Perot(FP) lasers[14,15], 4) a four-section DFB 
laser[16,17], 5) a dual-polarization emission external cavity laser[18] 6) a DFB 
fiber laser with enlarged birefringence[19], and 7) an injection lock laser[2CT. 
Section 1.2 Application of the two-section DFB laser on optical 
generation of millimeter-waves 
In our project, the two-section DFB laser acts as a compact source of 
millimeter-wave signals riding on optical waves. By changing the injection currents 
into the two sections, the laser diode can oscillate at 3 sets ofdual-mode at 1300.13 
and 1300.36 nm, 1300.51 and 1300.03 nm, 1300.00 and 1301.20 nm, respectively. 
By beating these dual modes, millimeter-wave of frequencies 49, 76, and 208 GHz 
can be generated. The millimeter-wave signals have been transported over a 25 km 
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single mode fiber link. 
This configuration has the advantages of simplicity and stability. As the 
millimetre-wave signals is obtained by beating two optical waves coming from the 
same laser diode, no polarization control is needed. Besides, the noises on the 
millimeter-wave due to mechanical instability and fluctuation of ambient 
temperature can be avoided. The intensities of the modes of each set of dual-mode 
oscillation can be equalized by simply tuning the injection currents. Therefore, no 
intensity equalization scheme is needed. 
Section 1.3 Analysis 
Since the tunable dual-mode operation of the two-section DFB laser plays 
an important role in optical generation of millimeter-wave, we have implemented a 
computational model with Matlab to simulate the spectral behaviour of our laser. 
This model is mainly based on the couple-wave theory[21，22] and transfer matrix 
method[23,24]. It is appropriate for static analyses. The currents injected into the 
two sections are regarded as the inputs (independent variables) while the computed 
results (dependent variables) of the model are lasing wavelength and threshold 
gain . The trend ofsimulated wavelength tuning makes a good agreement with that 
ofthe experimental results. 
Section 1.4 Organization of Thesis 
Chapter 1 gives the background of optical generation of millimeter-waves 
and an introduction of our project. 
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A review of various techniques of optical generation of millimeter-waves is 
given is given in Chapter 2. 
In Chapter 3, the spectral behaviours of the two-section DFB laser is 
presented and discussed. Besides, the mechanism and experimental results of 
optical generation of millimeter-waves by using the laser are demonstrated. 
A brief introduction of the couple wave theory is given in Chapter 4. This 
theory is widely used in establishing models for DFB lasers. Then a model of two-
section DFB laser is implemented with the couple wave theory and transfer matrix 
method. 
In Chapter 5, numerical analysis of the spectral behaviours of the two-
section DFB laser is carried out. The simulation results are compared with the 
experimental results. 
A conclusion, along with a list of topics for future studies are included in 
Chapter 6. 
Following are the appendixes. Appendix A demonstrates the source codes 
of the program written in Matlab for simulation of the spectral behaviours of the 
two-section DFB lasers. Lists of figures and tables are given in Appendixes B and 
C. Appendix D is list of publications by the author. 
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Chapter 2 Techniques of Optical Generation of 
Millimeter-waves 
Since optical generation of millimeter-waves has great potential 
applications in Tiber/radio' systems which are developed to fulfi l l the surging 
demand for broad bandwidth, large number of channels in the future, many 
activities have been carried out to explore the techniques of opdcal generation of 
millimeter-waves. This chapter wi l l give a review of various techniques of optical 
generation of millimeter-waves. These techniques can be roughly divided into two 
kinds. One is direct modulation or mode-locking of the laser cliode, another is 
beating two optical waves. The configurations and characteristics of each 
techniques are briefly introduced. 
z , 
Section 2 .1 Direct Modula t ion and Mode -Lock ing of Lasers 
In 1990，a four channel CT2 fibre/radio system was first demonstrated by 
A. J. Cooper[l] using sub-carrier multiplexing techniques. In this system, multi-, 
longitudinal mode semiconductor laser was directly modulated by multiple CT2 
1、 
RF carriers and the optical sub-carriers propagated over a 0.5 km single-mode 
fibre link between two radio distribution point (DP) as shown in Fig.2.l. Direct 
intensity modulation of semiconductor lasers is straightforward and the frequency 
can be tuned easily but the repetition rates are limited to the modulation 
bandwidth of the lasers, which is up to 20 - 30 GHz. Thus, for exploring the 
spectrum resources beyond 30 GHz, other schemes should be developed. 
. . • . .. ； , . ‘ • ‘ •• ，二： . “ •、： ..:、. ： ‘ . . . • .• 
. . .. , 
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Fig.2.1 Schematic of the Tiber/radio' system. 
Since the round trip frequencies of semiconductor lasers can lie in the 
, 
range of millimeter-wave, by cleaving the laser to the appropriate length, 
millimeter-wave signals can be generated by resonant modulation. Jn 1994, John 
B. Georgers et al.[2] demonstrated transmission of 50 Mb/s digital data over 
optical fibre at a 45 GHz sub-carrier which was generated by resonant modulation 
of a 850 nm three-contact quantum-well laser diode with a cavity length of about 
820 ^m as shown in Fig.2.2. Although resonant modulation of semiconductor 
lasers can bypass the limitation on bandwidth of direct modulation, very high RF 
synthesizer is required. Besides, a impedance matching circuit is needed to reduce 
the RF reflection. Moreover, the tuning range of the millimetre-wave cannot be 
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Fig.2.2 Experimental setup of optical generation of millimeter-waves by resonant 
modulation. 
ln 1994，Shin Arahira demonstrated that optical signals up to 1.54 THz was 
i generated from a passively mode-locked laser diode[3]. The laser diodes was a 
i 
i four-section distributed-Bragg-reflector(DBR) laser, which includes a saturable-
i 
i 
j absorber section, a gain section, a phase-control section and a DBR section. The 
i 
I passive mode-locking mechanism is based on the fast fluctuation in absorption of 
the saturable absorber. The harmonics of mode-locking can be changed by 
adjusting the bias condition of the gain section. This technique can generate 
signals of very high repetition rate with short-cavity laser, though the fabrication 
process of the laser diodes is much complicated. 
Section 2.2 Beating of two optical waves 
Recently, attentions are paid to beat signals of two optical waves with the 
spectral separation matching the desired frequency. 
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Ln 1985, L. Goldberg et. al. demonstrated 35 GHz microwave signal 
generation with an injection-locked laser diode[4]. Fig.2.3 shows the experimental 
configuration. The slave laser (SL) is a multimode laser. It's two adjacent modes 
are injection-locked by two frequency modulation side bands of the master laser 
i j 
(ML). Thus, a narrowband microwave signal was generated by beating the two 
i 
injection-locked modes in a photodetector. 
to Fabry Perot 
/ A CHid mon〇chr〇mat〇r - ^ ~ 
. 0 R F , 
^ DC DC high - speed 
V C M ) Q ~ ~ Q " C b " 0 " ^ i M 3 " { H PIN detector 
ML iso(ator SL iso(ator . 
L ^^ 1 '2 mm 





I La 1993，beat notes up to 100 GHz were produced by Olav Solgaard et aL 
I 
i 
by photomixing of two 1.3 ^m DFB lasers[5]. Ln their demonstration, a , 
feedforward phase noise compensation scheme was adopted as shown in Fig.2.4. 
I 
The beat frequency of the lasers is adjusted to be close to the that of input signals 
to be transmitted. Then the mixer down converts the beat signals with the input 
signals as reference. The down converted signals is filtered, amplified and applied 
onto an optical modulator. As a result, the output of the modulator include four 
components: the low frequency down converted signal, the beat note, and the 
input signal. At the receiver end, others wi l l be filtered except the input signal. 





Chavter 2 Techniques of Optical Generation of Millimeter-M>aves 
"". : / I t 
/ 
._ • ！ 
Matching ‘ Intensity 
Tcmpcratiirc Controlled 二 = ^ Modulator 
1.3 ^irn Lascrs ( ^ 吉 _ _ 
广奋 ~ " X j i y ^ ^ Optical 
1 ^ Mixcr Output 
+ i flfl-^^^^^^"T^nr^^^P-<^HH~"^H 
Polarization。―丨伫广 T Low-pass 
Controller ™ £ I 
Frcqucncy Band ElectHcal 
Sclcction I — t : 
Fig.2.4 Schematic diagram showing the feedforward phase noise compensation 
scheme used in generation of millimeter-waves. 
N. onodera then demonstrated 3.6 THz optical beat frequency generation 
by beating the outputs of two external cavity modelocked 1.5 p.m laser diodes in 
, 
1996[6]. Almost simultaneously, he produced millimetre-wave signals up to 40.6 
THz with two mode-locked DFB lasers with wavelengths of 1.3 and 1.5 p,m, 
respectively[7]. La 1998’ F. N. Timofeev et al. generated a continuously tunable 
millimetre-wave signal by heterodyning two fiber grating lasers[8]. 
The most advanced pcoperty of beating optical waves from two lasers is 
that the beat frequency can be tuned over a very wide range ( from the order of 10 
GHz to 10 THz). However, since the phase noises of both optical waves are 
uncorrelated, the linewidth of the beat signals would be greater than those of the 
optical sources. Therefore, a phase noise compensation scheme is needed. 
Generally, mode locking scheme as shown in Fig.2.5[6] is used to lock up the 
phase relationship within each optical wave so as to reduce the linewidth of the 
beat signals. However, this may lead to non-continuous temporal supply of , 
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millimetre-wave as the beating occurs only in the periods in which gain is 
V 
supplied. Moreover, polarization controller is needed to align the polarization of 
the two optical waves. Thus, the modulation depth of the beat signals depends 
greatly on the mechanical stability of experimental setup. 
-.-.- ： 
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Fig.2.5 Experimental configuration of beat frequency generation using two mode-
locked laser diodes. 
i 
I The two optical waves for beating can come from a single laser source. i i 
1 • 
I ]n 1994，J. J. O'Reilly et al.[9] demonstrated generation of millimetre-waves up to 
60 GHz with a single laser-.source together with a Mach-Zehnder modulator 
operating at only one half of the required millimetre-wave frequency. The 
experimental setup is shown in Fig.2.6. Generally, when a sinusoidal voltage 
v{t) = V^{l + s)+aV^cos{cDt) 
is applied to the modulator, the output field from a modulator can be described by 
i 
• , . - . I • 
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� ~] ‘ 
F(0 = i / “ a ^ ) c o s y ( l + d cos{2fTu,t) 
2 2 _  2 _ 
- / i ( a - ) s i n - ( l + 6-) 0)5(2仰0广土6；广) 
2 _ 2 _ 
-I^{a-)cos - { l ^ s ) cosC27TuJi2^/:) 
2 L 2 J 
I 
I 「 _ 
4 - / 3 ( a - ) s i n - ( 1 + ^ ) 033(2卯0广土3历广）+..-
2 \_2 _ 
where s is the normalised bias point of the modulator, a is the normalised 
amplitude of the drive vlotage, co is the drive frequency, J ^ J ^ J ^ and /3 are 
coefficients of the Bessel function expansion. When the modulator is biased at P；， 
the components at v^，v^ ± " ^ and all other even terms are suppressed. Therefore, 
K 
I ^ Q 
two strong components at v。士——are dominant. By mixing them on a photo-
27t 
, 
diode, and electrical signal at lco is obtained. The characteristics of this technique 
are the very narrow linewidth of millimetre-wave as the linewidth is governed 
only by the linewidth of the electrical signals used to drive the modulator. Besides, 
a relatively low RF synthesisers is required since the frequency of the resultant 
I 
millimeter-wave signals is double of the modulation frequency. La 1994’ J J. [ j 
O'Reilly et. al. demonstrated a 'frequency quadrupling' technique[10] which 
requires only a 15 GHz source to generate a 60 GHz millimeter-wave. The basic 
principle is similar to his previous demonstration except the drive amplitude 
should be adjusted to a = (17；, / n). 2.405. 
/ 
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Fig.2.6 Experimental setup for generation of millimeter-wave with a laser diode 
and a Mach-Zehnder modulator. 
i 1 
i __^  
I Millimetre-wave signals can also be generated from Febry-Perot (FP) lasers 
by beating two optical modes filtered from the spectrum. D. Novak et a l . [ l l ] used 
a FP filter with the free spectral range (FSR) matched with the spectral separation 
！ between two side-bands in the spectrum of a pulsed FP laser as shown in Fig.2.7. 
1 . j ^ — -----^  
I microwave 
I synthesiser 
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Fig.2.7 Experimental setup for generation millimeter-waves by beating two modes 
filtered from a F-P laser . 
• 
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\ The beat signals has a 100% modulation depth as the problem of presence of low 
frequency harmonics is overcome. The drawback of this method is the difficulty 
associated with stabilizing the filter to ensure the two filter passbands overlap the 
two modes to be extracted. 
Ln 1997，M. D. Pelusi et al.[12] used a parallel filter configuration to extract 
.j 
I two modes from a mode-locked monolithic distributed reflector laser as shown in 
j Fig.2.8. The two modes are selected individually by two optical filter and then 
recombined to beat millimetre-wave signals. Compare with the technique used by 
D. Novak et a l . [ l l ] , the difficulty of stabilizing the filter is avoided. Moreover, 
due to the availability of widely tunable filter, millimeter-wave up to 1.34 THz 
I was obtained. However, the intensities of the modes with desired frequency 
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Fig2.8 Parallel filter configuration for extracting two modes from a mode-locked 
FP-laser for generation of millimeter-waves. 
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Ln 1995, C. R. Lima et al.[13] reported optical generation of millimetre-
waves between 30 and 70 GHz with a long-cavity four-section DFB laser. This 
laser can oscillate at two modes which are on both sides of the Bragg frequency 
simultaneously. Thus, millimeter-wave signal can be simply obtained by beating 
both modes together. Transmission of 60 GHz signals generated by this laser over 
100 km of optical fiber was demonstrated by D. Wake et al.[14] in 1996. 
Ln the same year, S Pajarola et al. designed a two-arm polarization-selective 
external cavity laser[15] including a polarization-insensitive 1.55 ^im 
semiconductor laser diode(LD), a polarization beam splitter (PBS) and two 
gratings(Gr) as shown in Fig.2.9. The two gratings are for feeding back the TE and 
T M modes, respectively. By changing the angles of the gratings, the wavelengths 
of feedback optical waves can be adjusted such that millimetre-waves from 1 to 22 
y' • 
GHz can be generated. 
PBS L PBS 
^ - _ I _ F 7 h ^) PMF 
Gn T E V 4 - - ^ - ^ A ^ V 
个 . n r 5 ^ ' N i Att > ' ^ ' | ^ . yM 1^ 
d ^ ^ ^ ^ r . TM >r ^ 
PD' TM V ™ \ Z 
^^- ' ^ Y SMF 
Fast P D 、 ^ ^ “ C T 丁£ 
” : x ^ ^ < 
PD:TE 》 
Fig.2.9 Experimental configuration of the wavelength tunable dual-polarization 
emission laser. 
. - • 零 . 
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AA 二 2万八，where B is the birefringence of the fibre, ahd 八 is the pitch of the 
Bragg grating. Thus, by increasing the birefringence of the fibre, a 40 GHz optical 
frequency separation was obtained. By heterodyning the two modes, a 40 GHz 
millimeter-wave signals was generated. This technique is mainly based on the 
magnitude of fibre birefringence which is the combined effect of the geometric 
anisotropy and thermal stress. 
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Chapter 3 Experimental Results and Discussions 
Optical generation of millimeter-wave signals is demonstrated by using a 1.3 
jum multi-quantum-well two-section DFB laser. By changing the injection currents 
into the two sections, the laser diode can be tuned to oscillate at 3 sets of dual-mode 
at 1300.13 and 1300.36 nm, 1300.51 and 1300.03 nm, 1300.00 and 1301.20 nm, 
respectively. By beating these dual modes, millimeter-wave of frequencies 49, 76, 
and 208 GHz can be generated. The spectral behaviours of the two-section DFB 
laser are also investigated in details. It is observed that the wavelength tuning 
properties depend on the relative values of the currents injected into the two 
sections. 
Section 3.1 Device structure and experimental setup 
The schematic diagram of the multi-quantum well two-section DFB laser is 
shown in Fig.3.1. The active layer of the laser diode is sandwiched between two 
InGaAsP separate confinement heterostructure layers. It has a MQW structure, 
which consists of three tensile strained (Aav^a—1%) quantum wells, say Wi, and 
two compressive strained (Aa/a=1.38%) quantum wells, say W2, arranged 
alternatively. The lengths of section 1 (Li) and section 2 (L2) are 0.37 and 0.67 mm, 
respectively. The isolation resistance between these two electrodes is around 435Q. 
The facets of the laser diode are as cleaved so that their reflectivities are roughly 
32%. 
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Section 2 Section 1 
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Fig.3.1 The schematic of the structure of the two-section DFB laser used in the 
experiment. 
The experimental setup shown in Fig.3.2 for demonstrating the generation of 
millimeter-wave is rather simple. The currents in sections 1 (I!) and section 2 (¾) 
can be controlled individually with two laser controllers. The output from section 1 
is coupled into a lensed fiber. Since the two optical waves are generated from the 
same laser diode, they beat together already inside the laser and then generate 
millimeter-wave signals. Without any optical amplifiers and polarization 
controllers, the laser outputs are measured directly with an optical spectrum 
analyzer and an autocorrelator. Real time monitoring of the millimeter-waves 
cannot be achieved as the time resolution of the photo-detectors at hand is not high 
enough. Inside the autocorrelator, the laser output is splited with a beam splitter. 
The two splitted beams are then correlated in a second harmonic generation (SHG) 
crystal. The power of the SHG signal is measured with a photon multiply tube 
(PMT). Thus, by scanning the path difference between the two splitted beams in 
fine steps, the modulation profile of the signals can be observed. Transmission of 
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the millimeter-wave riding on optical carriers through 25 km single-mode fiber is 
also demonstrated. The transmitted signals are also measured with the optical 
spectrum analyzer and the autocorrelator. 
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2-sectionDFB laser Lensed Q 
optical 气 
f i b e r 。 
Autocorrelator ^ ) 
r — ^ 
Optical Spectrum j Coupler 
Analvzer .j 
Fig.3.2 Experimental setup for optical generation of millimeter-waves by using a 
two-section DFB laser. 
I 
Section 3.2 Light-Current Characteristics of the two-section laser 
The P-I curves of the two-section DFB laser are shown in Fig.3.3. Fig.3.3(a) is 
obtained under homogeneous injection. The threshold current is 30 mA. Fig.3.3(b) 
i 
is obtained when I2 is fixed at 20 mA. The threshold current of I i is 15 mA. 
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Fig.3.3 (a) P-I curve of the two-section DFB laser under homogeneous injection. 
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Fig.3.3 (b) P-I curve ofthe two-section DFB laser when !2 is fixed at 20 mA. 
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Fig.3.3 (c) P-I curve of the two-section DFB laser when I! is fixed at 10 mA. 
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Section 3.3 Spectral behaviours of the two-section DFB Laser 
3,3.1 Linewidth of the two-section DFB laser 
The linewidth of the two-section DFB laser was measured with an 
interferometer with resolution o f l 5 MHz. The spectrum of the laser at I i= 15 and 
li=25 is shown in Fig.3.4. The linewidth was measured to be 266 MHz. 
^ -
^ 
d - i ‘~‘ k > ? - . 
'S ^ ^ Hnewidth= 266 MHz 
I “ 1 \ 
^ - J \ 
^ - , ^ ...j••••• • ， , . 1^ . r H . > > ' ' ' ^ 丨 ^ ^ » ^ o « U > _ ^ > w „ 4 » > < t » ^ > > ^ " * > ^ ^ „ ^ > _ 4 „ ^ » - ^ ^ > ^ » * * ^ � - h - , I 
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 
Relative wavelength [nm] 
Fig.3.4 Spectrum of the two-section DFB laser measure with an interferometer with 
resolution of 15 MHz. The linewidth is measured to be 266MHz. 
33,2 Wavelength tuning of the two-section DFB laser 
There are three schemes of biasing the two-section laser: 1) bias the two 
sections homogeneously, 2) fix I! and then vary I j , 3) fix I2 and then vary Ii. The 
spectral behavior of the laser is different under different biasing schemes. 
With an optical spectrum analyzer of resolution 0.1 nm, the optical spectra 
under homogeneous current injection are shown in Fig3.4. When the homogeneous 
current (Io) is just above threshold, which is at 35 mA, the laser oscillates with 
single longitudinal mode at wavelength of 1300.53 nm as shown in Fig.3.5(a). The 
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side mode suppression ratio (SMSR) is 43 dB. When 1。is increased to 60 mA, the 
laser oscillates with dual modes at wavelengths of 1300.53 and 1300.30 nm as 
shown in Fig.3.5(b). The SMSR is decreased to 40 dB. Obviously, the gain is shared 
equally by the two modes. When Io is further increased to 70 mA, the oscillation 
mode at wavelength of 1300.30 nm dominants as shown in Fig.3.5(c). 
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Fig.3.5(a) Optical spectrum observed under homogenous injection into the two-section 
DFB laser with Io=35 mA. The lasing wavelength=1300.53 mii. 
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Fig.3.5(b) OpticaJi spectmm observed under homogenous injection into the two-section 
DFB laser with lo=60 mA. The lasing wavelengths = 1300.53 and 1300.30 nm. 
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Fig.3.5(c) Optical spectrum observed under homogenous injection into the two-section 
DFB laser with Io=70 mA. The lasing wavelength 1300.30 became dominant. 
Fig.3.6 shows the optical spectra observed when we f ix I[ to 15.1 mA and 
change I〗. When I2 is increased to 17.1 mA, the laser is just above threshold and 
operates with single longitudinal mode at 1300.53 nm as shown in Fig.3.6 (a). As I2 
is further increased, another mode at 1300.26 nm emerges. It has the same intensity 
as the mode at 1300.53 nm when h reaches 21.5 mA. Therefore, dual mode 
oscillation with a spectral separation of 0.28 nm as shown in Fig.3.6(b) is obtained. 
As we continue to increase I2, the intensity of the mode at 1300.26 nm grows and 
that of the mode at 1300.54 nm diminishes. Consequently the laser oscillates vvith 
single mode at 1300.26 nm when I2 equals to 24.8 mA as shown in Fig.3.6(c). 
Another mode at 1300.03 nm emerges as I2 is further increased. When I2 reaches 
34.9 mA, it has the same peak energy with the mode at 1300.26 as shown in 
Fig.3.6(d). Thus, a dual mode oscillation with a spectral separation of0.23 nm is 
obtained. When 工2 is increased to 44.9 mA an additional mode at 1301.25 nm 
oscillates with comparable intensity as shown in Fig.3.6(e). The intensity of the 
mode at 1300.26 nm reduces as h further increases. Finally, dual mode oscillation 
at 1300.00 and 1301.23with a spectral separation of 1 1 nm as shown in Fig.3.6(f) is 
obtained when I2 is 55.7 mA. 
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Fig.3.6(a) Optical spectrum obtained when 1产15.1 mA and h=l7.1 mA, the 
lasing wavelength==1300.45 nm. 
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Fig.3.6(b) Optical spectrum obtained when I!=15.1 mA and l2=21.5 mA, the 
lasing wavdengths=1300.26 & 1300.45 nm. 
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Fig.3.6(c) Optical spectrum obtained when Ii=15.1 mA and l2=24.9 mA, the 
lasing vvavelength=1300.26 nm. 
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I Fig.3.6(d) Optical spectrum obtained when Ii=15.1 mA and l2=34.9 mA, the 
lasing wavelengths=1300.00 & 1300.26 mn. 
3-9 






- 1 0 - 1 
i 





f£ -40 - ^ i , 
_ _ _ ^n' _ _ W _ _ 
-50 - m m m r m ^ f # / V w m " n m y ^ i 
-60 ‘ ‘ ‘ ‘ ‘ ‘ 
1296 1298 1300 1302 1304 1306 1308 
Wavelength [nm] 
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Fig.3.6(f) Optical spectrum obtained when 1产15.1 mA and h=55.7 mA, the lasing 
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On the other hand, the optical spectra are also measured for different I! 
values when I2 is fixed to 30 mA. At first, the mode at 1301.2 nm oscillates as 
shown in Fig.3.7(a) when I i equals to 6.5 mA. Then dual mode oscillations at 
1301.2 and 1300.00 mn as shown in Fig.3.7(b) is observed when l i equals to 9.3 
mA. When I i is further increased to 10.7 mA, only the mode at 1300.00 nm 
oscillates as shown in Fig.3.7(c). Afterwards, the mode at 1300.26 nm emerges 
and oscillates together with the mode at 1300.00 nm when I i equals to 12.6 mA as 
shown in Fig.3.7(d). When I! is further increased to 19.3 mA, the laser operates 
at 1300.26 nm only as shown in Fig.3.7(e). Finally, the modes at 1300.45 and 
1300.26 nm oscillate simultaneously as shown in Fig.3.7(f) when I! is increased to 
26.8 mA. 
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Fig.3.7(a) Optical spectrum obtained at I2=3O mA and Ii=6.5mA, the lasing 
wavelength^ 1301.20 nm. 
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Fig.3.7(b) Optical spectnun obtained at l2==30 mA and Ii^9.3 mA, the lasing 
wavelengths=1301.20 & 1300.00 nm. 
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Fig.3.7(c) Optical spectrum obtained at 12=30 mA and Ii=10.7 mA, the lasing 
wavelength=1300.00 nm. 
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Fig.3.7(d) Optical spectrum obtained at I2^3O mA and Ii=12.6 mA, the lasing 
wavelengths=^1300.00 & 1300.26 nm. 
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Fig.3.7(e) Optical spectrum obtained at ![!=30 mA and Ii=19.3 mA, the lasing 
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Fig.3.7(f) Optical spectmm obtained at I2^3O mA and Ii=26.8 mA, the lasing 
wavelength=1300.26 & 1300.45 nm. 
！ 
The observations of wavelength tuning in Fig. 3.6 and 3.7 are mainly 
j 
i contributed by gain lever effect[l-3] and carrier density induced index 
change[4,5]. They are attributed to the flexibility of controlling the currents into 
the two sections independently. The two-section DFB laser can be regarded as 




I each section has an individual Bragg wavelength and serves two functions for the 
i 
I dual-wavelength oscillation[6]. The first is to supply the gain to the mode 
I 
I concentrated in itself, and the second is to provide the feedback to the other mode 
i 
1 . 
concentrated in another section. Based on the effect of gain lever and carrier 
I 
I density induced index change, the Bragg wavelengths in each section can be 
tuned. 




I Chavter 3 Experimental Results and Discussions 
I j 
i i . i 
the facets[7], it is very difficult to have a stable quality control with nowadays 
'i 
i -• 
i cleaving techniques except the facet reflectivities are reduced to negligible. The 
1 j 
I laser diode used in our experiment is as cleaved so that it's spectral property may 
; differ from other 2-section DFB laser diodes for it's significant facet reflectivities. 
The wavelength tuning shown in Fig.3.6 is simulated using a model established 
with couple-mode theory and transfer matrix method. In the simulation, both facet 
reflectivities are assumed to be 0.32 with zero phase of corrugation. For details 
please refer to Chapter 5. 
Since some parameters of the laser structure are unknown, it was hard to 
work out the sop band of the spectrum. Nevertheless we can draw some 
conclusion based on the assumption that although there is no phase shift induced 
in the grating and the facet reflectivities are assumed to be equal, the laser 
structure can still be regarded as asymmetrical due to heterogeneous current 
injection. As a result, the laser wi l l lase at one of the band-edge modes [9]，which 
is experimentally verified in Fig.3.6(a). When the bias current increases, another 
band-edge mode[9] can also get enough gain and starts to oscillate as shown in 
Fig.3.6 (b). From Fig.3.6(a) and (b), it can be estimated that the stop band s about 
0.28 nm under this specific biasing condition. These observations are different 
； from the simulation results reported by S. F. Yu et, <:^ /.[8], I which the laser with 
diffused quantum-well structure could oscillate at band-gap mode first and then 
oscillate at band-edge modes as the biasing current was increased. 
j Comparing the results shown in Fig.3.6 and Fig.3.7, it can be seemed that the 
! I 
trend of mode transition under two biasing schemes are opposite to each other. 
Obviously, the oscillation mode depends on the relative value o f I i to I2 since the 
h 
1 
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j 
directions of change in the ratio ofI1/I2 for the results shown in Fig.3.6 and Fig.3.7 
i are opposite to each other. In Fig.3.6, the value ofI1/I2 is decreased from (a) to (f), 
I while in Fig.3.7, the value of I1/I2 is increased from (a) to (f). 
333 Biasing conditions for the dual-mode oscillations 
The biasing conditions for each dua]-mode oscillation stated above are not 
unique. Fig.3.8 summarized the biasing conditions for the dual-mode oscillations. 
For dual-mode oscillation at 1300.03 and 1301.23 nm, the current densities in 
section 1 (Ji) and section 2 (J2) should be set in the range of 26 to 37 mAAnm and 
47 to 69 mA/mm, respectively. Besides, Ji and J2 should have a 
relationship: J^ = 21^ — 4.8. For dual-mode oscillation at 1300.13 and 1300.36 
njrn, Ji and J2 should be set in the range of 29 to 43 mAAnm and 37 to 57 mAAnm, 
冗 r £^  • 1300.03 & 
,n S 130h23nm 
60 - . • ^ 
. • ^ A 1 3 0 a i 3 & 
50 - ° A 1300.36 nm 
JU £1 A 
^ A 0 1300.01 & 
I 40 - A 1300.45 nm 
5 
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Fig.3.8 Smnmary ofbiasing conditions for the dual-mode oscillations. 
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respectively. Besides, Ji and J2 should have a relationship : J^ = 1.5/| -7 .05. 
For dual-mode oscillation at 1300.01 and 1300.45 nm, Ji and J2 should be set in 
the range of 63 to 81 mAAnm and 26 to 31 mAAnm, respectively. Besides, J1 and 
J2 should have a relationship : /5 ==0.064/^ +22 . For a fair comparison, the 
modes with higher values of 八 + / . would have higher output powers. 
Section 3.4 Optical generation of millimeter-waves 
3.4.1 Mechanism of beating 
For simplicity, let's consider the two optical waves as plane waves with 
different wavelengths. They can be written as 
E^ = 4 ( A ' , y ) e x p ( - > / ) 
( J 1) 
^2 =A,{x,y)QXv{-jco^t) • 
where Ai , A2 are the complex amplitudes containing the propagation constants, pi 
and P2, ®i and c02 are the angular frequencies of ihe two optical waves E[ and E2, 
respectively. When the two waves beat together, the resultant output is an 
intensity-modulated beam, which can be expressed as 
. » � 
•i I n { z J ) = \E,+E,y^ 
二1马|2+|爲|2+岛.爲*+岛\爲 
= = l 4 | 2 + l 4 | 2 + 4 ^ * e x p [ - _ ; A ^ f ] (3.2) 
j 
+ A^Aj ^x^[jAcot'_ 
= i ^ + I ih + 2^jlnJn2 cos(- ^.cot) 
where, Irii and In2 are the intensities ofthe two waves and A<s> =①,—co,. 
'i 1 j^ \ \ 
1 As G) = lnv, Eq.(3.2) can be re-written as 
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In(z,t) 二 Ilk + 為 + 2y|lnyIn2 c o s ( 2 M vt) ( 3 . 3 ) 
where Av is the frequency difference between the two waves. From Eq.(3.3), we 
can see that the modulation frequency is just the beat frequency, which is the 
j ；! 
I difference between the frequencies of the two optical waves. I f the spectral 
i 




： n - ^ ^ (3.4) 
where X is the mean free space wavelength ofthe two optical waves. 
Due to the spontaneous emission and fluctuations in the carrier density 
i»-
associated with the lasing process, the optical waves have intrinsic random phase 
i 
changes. Each spontaneously emitted photon changes the optical phase by a 
random amount. A change in carrier density induce a change in refractive index 
and consequently the phase. The temporal phase noise leads to a frequency shift 
Sco^ 二 S(|>. This frequency shifts is manifested by the linewidth of the longitudinal 
modes in the optical spectrum of the laser under CW operation. The wave 
i functions ofthe optical waves should be rewritten by including the phase noise as 
丨 ^ = 4 U , / ) e x p [ y X - ^ r - f ^ > i / ) ] 
( j .5) 
^2 = A ( ^ ‘ y ) exp[ J (- C0j^t - Sco.^j) 
\ 
where 5ooin and 5co2n are the frequency noises of the two optical waves, 
respectively. And the output of the beat signals becomes 




1 where AVn is the phase noise of the beat signal The magnitude of Av^ depends not 
I 
J . » 
, j ！ 
1 ；；( J 
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:;¾ . 
only on the linewidths of the two optical waves, but also the correlation between 
their phases. I f the phases of the two optical waves are uncorrelated, the line-
width of the beat signal would be greater than those of the sources as additional 
I phase noise comes from fluctuation in the phase relationship between the waves, 
j • i 
I 
I I f their phase are correlated, the linewidth of the beat signal would have an order 
i 
given by the those of the sources. Therefore, in order to obtain beat signals with 
i 
high spectral purity, laser sources with narrow line-width should be chosen. 
i j 
In our experiment, the beat signals were measured with an auto-correlator. 
i 
I By neglecting the background noise, the autocorrelation function of the two 
4 
optical wave beating can be expressed by 
i o 2 
^ ( ^ ) = j ^ . , 4 A ' + ^ . , 4 ^ 2 
「 一 —2 — — 1 (3-7) 
+ %co, 4^2j + A2A1 + 2 R e ( 4 ^ i 4 4 exp(- jAcor)) 
1 
where 7](眼 is the relative efficiency, A^ {t) 二 Aj^ ( t — r ) . 
The above expression is only valid i f the pulse width of the two optical 
waves are much greater than the period of the beat signals. In our experiment, the 
two optical waves are continuous waves (pulse width — co), and the period of the 
beat signals is of the order o f lO ns, thus this requirement is satisfied. 
1 The modulation depth (MD) of a signal is defined as the ratio of the 
j 
modulated amplitude to the peak value of the signals. By applying the Cauchy 
Schwarz inequality to Eq.(3.7), the maximum M D of the autocorrelation is given 
.] 4/7 
j by m < 丨 ^ (3.8) 
I 2^ a^yOi ”a}、co.) +4"〒2 
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...:i 
5 . :j 
1 and this can be achieved i f and only i f A^  = A2 and ?]〒、=r^^). 
In our experiment, the relative intensities of the two optical waves were 
:| 





3.4,2 Generation of millimeter-waves by optical beating 
,i' 
By making use of the dual mode oscillations of the two-section DFB laser, 
millimeter-wave signals can be obtained by simply beating the two optical waves 
j 
together. The frequency of the beat signals is the difference between the 
i 
frequencies of the two waves. The modulation profiles of the signals are measured 
with an autocorrelator. The voltage gain of the PMT is set to be 5.5 V. Fig.3.9(a) 
illustrates the autocorrelation traces of the millimeter-wave signals generated by 
beating of the dual-wavelengths of 1300.00 and 1301.20 nm. The period of the 
millimeter-wave signal is measured to be 4.8 ps，which makes a good agreement 
with the expected beat frequency, 208 GHz, calculated by using Eq.(3.4). 
Fig.3.9(b) illustrates the autocorrelation traces of the millimeter-wave signals 
generated by beating of the dual-wavelengths of 1300.01 and 1300.45 nm. The 
period of the millimeter-wave signal is measured to be 13.1 ps，which makes a 
good agreement with the expected beat frequency, 76 GHz, calculated by using 
Eq.(3.4). Fig.3.9(c) illustrates the autocorrelation traces of the millimeter-wave 
signals generated by beating of the dual-wavelengths of 1300.13 and 1300.36 nm. 
The period of the millimeter-wave signal is measured to be 20.3 ps, which makes 
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Fig.3.9(a) Autocorrelation traces of the millimeter-waves generated by beating the 
dual modes 1300.03 and 1301.23 nm. The period is measured to be 4.8 ps, which 
matches the beat frequency of 208 GHz. 
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Fig.3.9(b) Autocorrelation traces of the millimeter-waves generated by beating the 
dual modes 1300.01 and 1300.45 nm. The period is measured to be 13.1 ps, which 
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I Fig.3.9(c) Autocorrelation traces of the millimeter-waves generated by beating the 
dual modes 1300.13 and 1300.36 nm. The period is measured to be 20.3 ps, which 
matches the beat frequency of49 GHz. 
Note: Signals Background 
Section 3.5 Optical Transmission of the millimeter-waves 
The beat signals had been transmitted over 25 km single-mode fiber. The 
outputs measured with an autocorrelator at the end of link are shown in 
Fig.3.10(a), (b) and (c), corresponding to the incoming beat signals shown in 
» 
j 
； Fig.3.9(a), (b) and (c), respectively. The profiles of the millimeter-signals after 
transmission seem much more noisy. It is due to the attenuation of the optical 
j waves passing along the optical fiber link. As the voltage gain of the PMT should 
be increased to 8 V to detect the signals, the noises are also amplified. Thus the 
signal-to-noise ratio is lowered. This can be proved by the observation that the 
： 
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Fig.3.10(a) Autocorrelation traces of the millimeter-waves generated by beating 
the dual modes 1300.03 and 1301.23 nm, after transmission over 25 km sin2le-.:  ， *^ 
mode fiber. 
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Fig.3.10(b) Autocorrelation traces of the millimeter-waves generated by beating 
the dual modes 1300.01 and 1300.45 nm, after transmission over 25 km single-
mode fiber. 
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； Fig.3.10(c) Autocorrelation traces of the millimeter-waves generated by beating 
the dual modes 1300.13 and 1300.36 nm, after transmission over 25 km single-
mode fiber. 
Signals Background 
Note: ^ ^ 
The modulation depths ofthe beat signals shown in Fig.3.9 (a)，(b) and (c) 
are roughly the same and equal to about 55%. The modulation depths of the beat 
signals shown in Fig.3.10 (a), (b) and (c) are also roughly the same and equal to 
j 
about 70%. The increase in modulation depths ofbeat signals after transmission j 1、 j 





[1] Kerry J. Vahala, Michael A. Newkirk, and T. R. Chen, "The optical gain lever: 
.j 丨 
\ A novel gain mechanism in the direct modulation of quantum well 






Chapter 3 Experimental Results and Discussions 
:2] K. Y. Lau, "Broad wavelength tunability in gian-levered quantum well 
semiconductor lasers", AppI. Phys. Lett. vol. 57, pp. 2632-2634, 1990. 
[3] Giora Griffel, Robert J. Lang, and Ainnon Yariv, "Two-Section Gain-Levered 
Tunable Distributed Feedback Laser with Active Tuning Section", JEEE J. 
Quantum Electronics, vol. QE-30, pp. 15-18, 1994. 
:4] C. H. Henry, R. A. Logan, and K. A. Bertness，"Spectral dependence of the 
change in refractive index due to carrier injection in GaAs lasers", J. App.， 
Phys. vol. 52, pp. 4457-4461, 1981. 
5] A. Olsson and C. L. Tang, "Injected-carrier induced refractive-index change in 
semiconductor lasers", Appl. Phys. Lett. vol. 39, pp. 24-26, 1981. 
[6] H. Wenzel, U. Bandelovv, H. J. Wunsche, and J. Rehberg, "Mechanisms of 
Fast Self Pulsations in Two-Section DFB Lasers", IEEE J. Quantum Electron., 
Vol. 32, pp. 69-78, 1996. 
[7] H. Hillmer, S. Hansmami, H. Walter, and H. Burkhard, "Experimental and 
theoretical study of the facet phase influence on the wavelength shift in 
InGaAs/InAlGaAs quantum well distributed feedback lasers", Appl. Phys. Lett. 
vol.64, pp.698-700, 1994； 
[8] S. F. Yu, C. W. Lo, and E. Herbert Li, "High-Power Single-Mode Operation in 
DFB and FP Lasers Using Diffused Quantum-Well Structure", IEEE J. 
Quantum Electron., Vol. 33, pp.999, 1997. 
[9] H. Ghafouri-Shiraz and B. S. K. Lo, "Distributed Feedback Laser Diodes", 
Chapter 3, Page 88, 1996. 





Chavter 4 TheorvofDFBlasers 
Chapter 4 Theory of DFB Lasers 
Section 4.1 Development of DFB Lasers 
'i .| 
I The first distributed feedback (DFB) laser was made by Kogelnik and 
I 
\ Shank m l971 by using dyed gelatin on a glass substrate[l]. The name of 
I distributed feedback laser was given by the feedback mechanism due to a grating 
• 'i 
which distributed throughout the length ofthe laser. The grating was formed on an 
optical guide layer grown above the active layer to prevent damaging the active 
layer during the grating fabrication process. It is a promising source of single 
longitudinal mode and narrow linewidth optical waves. Afterwards, many efforts 
i 
were put on making DFB lasers oscillate at the wavelength range of 1.3 and 1.5 ^im 
as fiber loss and dispersion effect are minimum in these wavelengths in optical-
fiber communication systems. Nowadays, DFB lasers are widely applied in optical 
communication systems. 
Base on the effect of carrier induced index change in semiconductor 
material, multi-section DFB laser were used to achieve large wavelength tuning 
i 
j range[2-6]. Recently, Jin Hong et. aL demonstrated a tunable two-section 
complex-coupied DFB laser which exhibits a wavelength tuning range beyond 7 
] 
1 nm by current injection only[7]. They are very useful in broadband communication 
networks utilizing wavelength multiplexing schemes[8-9], in which wavelengths of 
each channel should be finely aligned. Other than wavelength tuning, two-section 






:-I •) . :j 
shift-keying transmission system[10] and all-optical frequency locking and clock 
j recovery [ l l . 
In order to optimize the design and increase the yield ofDFB lasers, a lot of 
• j i 
j works have been placed on development of model to describe the behaviours of 
. I 
1 DFB lasers. In 1972, coupled-wave theory for DFB lasers was first proposed by H. 
Kogelnik and C. V. shank[12]. Afterwards，many research works[13-17] had been 
； carried out to implement a more complete and comprehensive model based on the 
coupled-wave theory. In 1988, M. Kuznersov explained the tuning mechanism by 
means of the fundamental phase and amplitude reflection properties of the 
waveguide gratings[18]. Generation of GHz self-pulsations in a two-section DFB 
laser was reported by M. Mohrle et. al.[19]. They demonstrated that the mechanism 
of th is self-pulsation was different from those observed in two-section FP lasers. 
Then, U. Bandelow et. al. demonstrated that the mechanism of self-pulsation 
described in [19] could be regarded as a dispersive self Q-svvitching[20]. In 1996, 
Wenzel et a]. demonstrate a dynamic model for self-pulsation in two-section DFB 
laser and predicted that other than dispersive Q-switching, there was another 
i mechanism for self-pulsatiori, beating of two longitudinal modes of nearly equal 
threshold gain[21]. 
j 
Section 4.2 Structure of DFB laser 
DFB lasers are characterised with high degree of spectral selection (side-
:i 
I mode-suppression-ratio usually above 30 dB), narrow linewidth (in the order of 
I ‘ 
i MHz) and easier fabrication (compared with distributed reflector (DBR) lasers). A 
！ • 
j ！ 4-2 
！ 
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I 1 
i j 
standard structure of DFB laser is shown schematically in Fig.4.1. A grating is 




selection as only the evanescent wave associated vvith the fundamental transverse 
i mode interacts with the grating. However, direct etching of the active layer is not 
preferred since it can enhance the non-radiative recombination by introducing 
defects in the active region. Clearly, the relative position ofthe grating to the active 
layer and the corrugation depth are critical to the effectiveness ofthe grating. 
DFB LASER 
,. ^ 命 CONTACT 
p-TYPE 
V W V W W W W 命 GRATING 
：：：：：：：：：：：；：：：：：- ,^ ^^ _ _AkCT'TI"VlE 
n-TYPE LAYER 
Fig.4.1 A simple schematic diagram of the structure of DFB laser. 
Actually, the grating can be chosen to be form on the upper or lower cladding 
layers. Placing grating on the upper layer has the advantage that the location ofgain 
peak can be adjusted after identifying the effective-mode index and the wavelength 
ofthe active layer. The grating is fabricated by the holographic interference method 
using an ultraviolet gas laser as a light source. This technique is still widely used 
because the grating period needed is usually beyond the resolution ofcommercially 
available photolithography equipment. 
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I 
5 )l • ;,| 
•1 
Section 4.3 Model of One-Section DFB Laser 
1 




I oppositely travelling wave due to Bragg scattering by the gratings, and vice versa, 
,-i 
The grating period is determined by the lasing wavelength inside the active layer 
and the order ofBragg diffraction applied for the distributed feedback. The Bragg 
condition for the mth-order grating is 
： A = 巧 
‘ 2 J i (4.1) 
where Ag is the Bragg constant of the grating, Jl is the effective-mode index and Xo 
is the wavelength of the emission wave. 
As the periodic structure in DFB lasers leads to coupling between the 
forward and backward propagating waves along the laser cavity, the operating 
principle is usually explained in terms of a pair of coupled wave 
equations[12,14,22]. Due to Maxwell's Equations, the starting point of analysis is 
the wave equation 
•2 i5>£^^g=0 (4.2) 
where s is the dielectric constant and ko=co/c is the free space wave number. 
We assume that the device supports only the fundamental transverse and 
lateral modes and focus on the longitudinal modes only. The equation can be 
expressed as 
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'•\ 
I E = Ef exp(- jPz)+ Eb exp( jpz) (4.4) 
^ j •j 
I Where Ef and E’。are amplitudes of forward and backward propagating waves, 
i 
•] 
'1 respectively. Here, the propagation constant, P is expressed by 
• . i 
I 
o 27fju .a ,H\ 
P = ^ + J - . (4.5) 
; 乂0 L 
j 
i where Ji is the effective refractive index and a is the threshold gain. 
For the waveguide-mode theory ofDFB laser, the main difference from that 
of FP laser is that s is a periodic function of z in the grating region and can be 
expanded in terms of the grating pitch in the following Fourier series: 
2冗 
£ = ^ + A^ = 1 + ^ t^s, exp(y ^ l z ) , (4.6) 
1 A 
where /S^! are the Fourier components of the dielectric perturbation As. 
h\ the absence of dielectric perturbation A^ , the amplitudes Ef and Eb of the 
forward and backward waves are constant. Thus the following relation is obtained 
{ s k l - 0 ^ ) E = Q. (4.7) 
In the presence of dielectric perturbation lS.s, Ef and Eb become z-dependent 
) � 
because Bragg diffraction is produced. By substituting Eqs.(4.4) and (4.6) in 
Eq.(4.3), we obtain 
••i 广 r2 T7 ij7 、 
！ ^ ^ ^ M - J P z ) - 2 j p ^ ^ x v { - M ) - p \ E , exp ( - i i& ) 
V dz dz J 
/ 0 \ (^2 p ip ) 
+ ^exp(7,&)+ W ^ ^ x v { j p z ) - 0'E, exp(_/^) (4.8) 
, V dz^ dz 
\ r r 2jj; ^1 
I +le^YASjQxp j—lz \kl {Ef exp(- jfiz + E^ exp( Jpz)} = 0 











i ^ 2 ^ d~^E 
\ For slow varying Ef and Eb, the terms ：^ and ^ can be neglected. 
J dz'-' dz^ 
\ 
i 
] Using Eq.(4.7), Eq.(4.8) can be simplified to 
'i 
dEf ( V ? 、 ^ b r / ? 、 - M [ v A ( - 2 ^ / Y 
~7~exp(—yy&)-~;~exp(7y&) = ~ ; ^ < ^ 2 ^ A 〜 e x p y Y 7 z f 
I dz dz 2p [ j V A J\ (4.9) 
{ E , exp( - jpz)+ E、exp( j f i z ) } 
For simplicity, we assume A& are real and collect only the Fourier component, 
lS,s^, that approximately satisfies the phase-match condition (P=Po, where Po is the 
Bragg constant), we obtain 
dF dE 
~ ^ exp(- jpz)- ^ exp( jpz) 二 —j [ KE, exp(- 2Mz + jpz) 。、 
: ^ Z UZ , V ' ^  ^ / 
+ K * Eb exp( yAy& - jpz): 
where the coupling coefficient K is defined by 
^ ^ A £ ^ (4.11) 
2p 
and K* is the conjugate to K, and 
A / ? : 々 - y ^ = " - T (4.12) 
-i V 
is the phase mismatch and was assumed to be smallest for the term 1 ^  m in 
\ 均.(4.1). 
By equating the coefficient of exp(- jpz) and exp( jpz) on both sides of 
Eq.(4.10), a pair of coupled-mode equations 
f j p 
1 ~ ^ = - j K 、 * E b ^ 、 l j _ (4.13) 
I 
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I and ^ = yAr^^exp(-2/'A/fe) (4.14) 
dz 
•| 1 ;i 





I By rewriting the axially varying field as 
^ ( z ) = 0^ (z )exp(y%z)+0- (z )exp( -7%^) ' (4-15) 
where 
0 " ( z ) - Ef exp( j t^pz) and 0 ' ( z ) 二 E , exp(- yA/fe). 
The coupled-wave equations can be rewritten for ①+ and 0~: 
rm^ 




^ ^ - y A y ® - + j K ^ \ (4.17) 
dz 
The general solution of the coupled-wave equations can take the form 
0 “ = a exp(- jyz)+ b exp( jyz) (4.18) 
and 
0 ' = c exp(- jyz)+ d exp( Jyz), (4.19) 
where a, b, c and d are constants. 
By substituting Eqs.(4.18) and (4.19) into Eqs.(4.16) and (4.17), and equating the 
coefficients of exp(± jyz)，the following relations can be obtained 
{ - Y ^ - ^ P ) a = - K ^ c , (4.20) 
j {y + ^p)b = -K^d, (4.21) 
I 
I 
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i I 
i •1 i ^ 
] 
and 
j i r - ^ f i ) d = Kb. (4.23) 
I 
,1 Combining Eqs.(4.20) and (4.22) or Eqs.(4.21) and (4.23) give us the despersion 
丨 relation: 
I , 2= (Ay^ )2 - / ^ * . (4.24) 
j From Eqs.(20) and (22), we can define 
r + = f = z _ z M = —__K— (4.25) 
； a. K / + Ay^ 
and from Eqs.(4.21) and (4.23), we can define 
r - = A _ ^ : ^ . r z M . (4.26) 
d r + ^ y^ K 
I f K < t h e n r = r+ = r - . 
Therefore, Eqs.(4.18) and (4.19) can be rewritten as 
i 0+(z) 二 aexp(-y>) + n/expC/厂） (4.27) 
i 
1 i • -ij 
i and i i 
i 
j 0~ (z) = r " exp(- jyz)+ d exp( jyz)， (4.28) 
'1 ;i •i ’  




0 " ( 0 ) = i o0 ' (0 ) (4.29) 
4-8 
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and 
0 " ( Z ) - / ^ 0 " ( Z ) (4.30) 
are given, where r() and rL are the reflectivities for the electric field at z==0 and z=L, 
respectively, and L is the cavity length. The reflectivities can be expressed as 
To=|ro|exp(y^^o) (4.31) 
and 
r [ = | r^ |exp(y^ ) (4.32) 
where ¢0 and ^L are the phase shifts caused by the reflection at the cavity facets. 
Their values depend on the corrugation phases at the facets. By substituting 
Eqs.(4.27) and (4.28) into Eqs.(4.29) and (4.30), and eliminating b and c with 
Eqs.(4.25) and (4.26), we obtain 
( l - r , r ) a + ( r - r , y = 0 (4.33) 
and 
( r - r J e x p ( - / > L V + (1 — r^r)exp(y>Z)^/ 二 0 (4.34) 
For nontrivial solutions a and d can be obtained, 
( r i ) ( r - ( : ) 二 • （ 4 . 3 5 ) 
( i - r 。 r ) ( i — r , r ) 
Thus, once the reflectivities at the cavity facets r。and rL, and the coupling 
coefficient K are known, y can be found numerically by using Eq.(4.35). Then Ap 
can be found from the dispersion relation Eq.(4.24). In tum, the mode detuning 5 
and threshold gain a can be found, respectively, from the real part and imaginary 
part of Ay^ as 
4-9 
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,-i 
i ^|3=S-jal2. (4.36) 
Thus the lasing wavelength X can be found from 
- 2 n u ^ 
5 ^ - ^ t , A (4.37) 
where //《is group index and AA is the deviation of the mode wavelength from the 
Bragg wavelength 1^ = 2JuA / m. 
Section 4.4 Analysis of Two-Section DFB Laser 
A structure of a two-section DFB laser is shown in Fig.4.2. It's main 
difference from one-section DFB laser is that the P-type electrode is etched into 
two. Usually, the isolation resistance between the two electrodes is a few hundreds 
ohms. It is the flexibility of controlling the currents into different sections provide 
the wide range of wavelength tuning in DFB lasers. 
I i ~ " ^ Contacts 
p-TYPE 
V W V W V W V W 牛 Gratag 
^^^ A r*+iT 7C^  
[ ‘ ‘ * I "*^— jr\.\^ti y ^  
Layer 
n-TYPE ) 
Fig.4.2 Schematic of a two-section DFB laser. 
j 
The analysis of two-section DFB laser wi l l be more complex since the 
•i I 
carrier injection into the two sections can be controlled independently. Due to 
carrier induced index change[23,24], the propagation constant of the wave should 
1 
i I :¾ 竊 ] 4-10 
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be different in each section, so as for other parameters. An approach[18] is to 
consider the complex amplitude reflections from the two grating segments, which 
introduce the gain and phase change to the waves. Another is using transfer matrix 
.1 
method[25-27] to transfer the forward and back ward travelling waves from the 
j beginning of the first section to the end of the second section. Continuity of the 
''\ 
waves at the interface of the two sections is assumed. Both approaches should lead 
i to the same transcendental equation for solving the oscillation condition of the 
i laser. In later analysis, the transfer matrix method was chosen as it is more 
; comprehensive and can be further applied in multi-section structure. 
4,4.1 Introduction of Transfer Matrix Method 
In dealing with such a complicated two-section DFB laser structure, it is 
tedious to match all the boundary conditions, especially those at the interface 
between two sections. Based on the coupled wave equations, it can be derived that 
the field propagation inside a corrugated waveguide can be represented by a 
transfer matrix. The elements of this transfer matrix depends on the parameters of 
'' 外 
I the each section of the composite waveguide, such as the coupling constants, 
I lengths of the sectional cavities, etc. The matrix acts as a transfer function so that 
J 
electric fields at the output plane can be determined once the electric fields at the 
I 
input plane are known. Therefore, this idea of transfer matrix can also be applied 
i for other structures like Fabry-Perot (FP) section, corrugated distributed Bragg 
；  
reflector (DBR) section. As the outputs from a transfer matrix automatically 
become the inputs of the following matrix, all boundary conditions inside the 4 
4-11 
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\ 
I composite cavity are matched. As a result, a general model of any kind of laser 
•1 
i Structure can be obtained by joining the transfer matrices of each section. Only 
] I •j 
I those boundary conditions at the facets are needed to be given, 
i 
4.4.2 Formulation of Transfer Matrix 
j 
By substituting z 二 z +1 into (4.27) and (4.28), we have 
0^ ( z + /) = a exp[-yxA- (^ + /)] + ^d exp[y , , ( : + /)] (4.38) 
i and 
,i 0~ (z + /) = Ya e x p h / / “ z + /)] + dexp[7>A-(- + 0 ] , (4.39) 
From Eqs.(4.27) and (4.28), we have 
ra>+ -o_ 
d ^ exp(r^) (4.40) 
丄 — 丄 ， 
and 
r O " - o^ 
a 二 ""7：： ~^"— exp(- .yz) 
” - l . (4.4】） 
By substituting Eqs.(4.39) and (4.40) into (4.37) and (4.38)，we can obtain 
•； j^  
i c r ( : + / ) =「① -⑶ - ^ ^ ⑷ 一 + r ( r a + ( z ) - ① > ) ) [ , 
F - - 1 r ' - l ， (4.42) 
and 
^ 
i 巾-(:.卜/) —「(帅-(“:）-0>+(劝一 , r o - ( z ) - o - ( z ) ^ _ , 
[2—1 r' -1 . (4.43) 
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I • .1 I 
.i 
I fo+(2T + / ) ) _ 1 f-e^ + Y^e-^ Te^-Ye-^^(^\zf 
U > - ( z + /)J 一 r 2 — 1 [-Te^ + re-yi r'e^ - e - " J U - ( z ) J (4 4 4 ) 
1 ^ 
•j 
1 Thus, a transfer matrix can be defined as 
一 
— 1 卜 " + 「 2 " r v ^ - r v " 、 
^ ^ ^ U v + rvY r V - e - J ^ ( 4 . 4 5 ) 
which transfer the wave functions at z to z+l. Then, Eq.(4.43) can be rewritten as 
丨 f 0 ^ ( z + /)^ J^^(z)] 
一 二丄 _ 
K^-{z + l)) K^-(z))^ (4 46) 
I -
4,43 Application of the Transfer Matrix 
Now, let's assume the values N^ for the carrier concentration in every 
section k = 1, 2 are spatially constant and hence the propagation constants Pk. By 
defining the normalized mode frequencies as 
- ^ ^ = \ A p { z ) - ~ ] d z , (4.47) 
•*0 A 
and the normalized detuning between the two sections as 
•i -‘、 
； S , = { P , - f i , ) L , (4.48) 
The sectional detuning can be written as 
1 A A = - ^ A _ 
i A + A ( A + A ) (4.49) 
J A A = ~ ~ ^ + ~ ^ ^ 
I A ^ A ( A + 4 ) (4.50) 
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A. 
I • i 
• j ‘ 
J .：] 
• i 
1 Thus, from Eqs.(4.27) and (4.28) the general solutions of the coupled-wave 
i 
I 
equations in each section can take the forms 
I K i ^ ) = ^exp(- jYj^z)+ Y,d exp(77^z) (4.^1) 
•j 
I and 
j 0~ ( z ) - r ^ ^exp ( - jy^z )+^2^exp( jy,z) ^ (4 52) 
; with Yk given by 
丨 n - { t , p , f - K K \ (4.53) 
and Fk given by 
j ; k : C : k = y k - N h 二 K 
‘ a d K Yk—Nh. (454) 
i 
Here，K is assumed to be constant for the whoie laser cavity. 
According to Eq.(4.45), the wave functions at the interface between the two 
sections, 0^(Li) and 0"(Li), can be expressed in terms of the wave functions at the 
facet z=0, d>+(0) and cF(0), as 
,； ^^  
丨 卜+(丄1)》一 f^"{Of 
\ U - ( L I ) J ^ ^ O - ( 0 ) J ^ (4.55) 
j where T! is the transfer matrix of section 1 given by 
f 
T — 1 p r f e "A - ezA T,{e'^^' — e - 沾 ) ' 
i 1 ' f f ^ l r , ( e - ^ ^ ' ^ - e 7 ' ” r^^ '^ ' -e-7A J (4 56) 
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[作 ) )二 7 [作 1 )、 
W(L)J' 'U-(A)J^ (4 57) 
where T2 is the transfer matrix of section 2 given by 
j T — 1 「『 ~ -沾 - e ' " 。 T ^ (已沾-e-？山)、 
I 2 _ f f ^ l [ r , {e,“--已沾)r】eyA - e-7iLi J . ( 4 . 5 8 ) 
i 
I Combining Eqs.(4.55) and (4.57), we can get a relationship between the wave 
I functions at both facets, 
！ 
i f o + ( z ) ^ = t r p r ( o ) ^ = , p r ( o ) ^ 
！ W { L ) j ' 2 \a)-(0)J~ AO-(0)J^ (4.59) 
j 
where T。is the transfer matrix of the whole laser cavity. 
From Eqs(4.56) and (4.58), 
i T_ 1 (^2^'''^" — p 4 r . (,2¾ — ^ 从） y r ^ " 2 4 - e ' . A 「2(一4 - e ” ’ - k ) 
—(1^—1)(1^-1)、1^(广24_一）T@-e~r.A 人1：2(厂2々—一）1^一-厂24 j 
1 f k i % ) 
「’ 2 _^， 
(「2 -1)(厂1' - 1 ) V/"2i t^J , (4.60) 
where 
I ,11 =(r&-72i2 —一乙2)(]^严己-沾-yA)-r;r i (e"2 _^-r：^.)(^r,i, —6-,山） 
i “ 5 
(4.61a) 
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t^ = -Y^ (々 '〈-e—h!々 )r! (yA - e~'''') + (r,'e'-^ ^ - e-‘山)(rfe^ ''^ '-已一从) 
(4.61d) 
By applying the boundary conditions described by Eqs.(4.29) and (4.30), and 
.1 1 
j 
I substituting Eq.(4.60) into Eq.(4.59), 
j • 
i i 
！ [ ① + ⑷ 1 - 1 p n ,12)卜0-(0)" 
j U o ^ ( L ) J — ( r | - 断 - 1 ) ^21 ^ A O - ( 0 ) J (4 62) 
j , 
I Therefore, a couple of equation for solving 0^(L) and O"(0) can be obtained: 
I ( r f — l ) ( r r — 1 ) ^ ' ( ^ ) — (tnro + b )0— (0) = 0, (4 63) 
and 
丨 （ r f - i ) ( r f - i > Y O > + ( z ) - ( G i A +t,,)o-(0) = 0 (464) 
For non-trivial solutions of 0"(L) and O"(0) to be obtained, the condition 
: V21+f22—々（Vll+fl2) = 0 (4.65) 
should be satisfied. As ti i, t ^ , t21 and t22 are functions of A^ and 5a, Eq.(4.65) can be 
the transcendental equation for finding A^ and 5a- The complex propagation 
! constant of the laser diode, p, can be found from Eq.(4.46). In tum, the lasing 
i 竹 
wavelength, XO, can be determined with 
^ ^ , . � lnJi n R e ( A ^ J - ^ - -
j. 、 〜 (4.66) 
! 
:i 
and the gain, g, can be found with 
M A J : I ^ 
j 2 (4.67) 
1 r cc 
where ^ is the confinement factor，and () is the material absorption coefficient. 
I 
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Chapter 5 Numerical Analysis of the Spectral Behaviors 
of the Two-Section DFB Laser 
Section 5.1 Solving the Transcendental Equation 1 
1 
I Since A^ and 5a in the transcendental equation Eq.(4.65) are complex, 
； Eq.(4.65) actually contains 4 unknowns: R e ( A ^ ) , L n ( A ^ ) , R e ( ^ ) and 
Lm( 3j)、Thus, before solving the equation numerically, we have to set a range of 
丨 values for Re( ^ ) and LrX ^ ) . The question is how they are set. 
For simplicity, a phenomenological approach in which the gain and 
refractive index are assumed to vary almost linearly with the injected carrier 
density N is generally used[l]. Therefore, the gain g can be approximated by 
^ ( i V ) = ^ ' ( A ^ - i V o ) <5.1) 
where 。，二 — is the differential 2ain and 'No is the carrier density required to 
dN • 。 
achieve transparency (corresponding to the onset of popuJation inversion). The 
refractive index Ji. can also be approximated by 
Ji(N)^ jLi'N . '’ （5,2) 
where u' = - ^ and it can be determined experimentally[2,3 . 
dN 
The above linear gain model Eq.(5.1) is reasonably accurate for regular 
double-heterostructure lasers. However, the gain variation for quantum-well lasers 
is far from ]inear[6]. The gain would eventually saturate due to constant density of 
j states of the lowest subband of the quantum well which is reponsible for the 
j 
”j 
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\ 
j depends on the structure parameters such as the number and thickness ofquantum . 
1 
i » ,. 




！ ^ ( y V ) - ^ ' l o g ^ (5.3) 
,] 八0 
According to Eq.(4.5), the propagation constants of each section can be 
i expressed as 
； A = ^ - . f i o . f - (5.4) 
丨 ^0 丄 八0 
Thus, Re( 5d) and Ln( 5^) can be expressed respectively as 
R e ( & ^ ' ， - 〜 Z , (5.5) 
A) 
and 
M ^ ) = i ^ ' ' [ l o g ^ - l o g § - ] Z 
^ 八0 〜 (5.6) 
1 … i V ' ) u = - i T ' [ l o g ^ ] Z 
2 N\ 
I f the injection currents in the two sections I i and I2 are known, the carrier 
densities in the two sections can be foimd from the rate equations[4, 5]: 
I H - ^ T ^ L { ^ , (5.7) 
dt eV, T, 。 i\\ hcoa^ 
where e is the charge ofcarriers, \ \ is the volume of active layer ofeach section, 
z^ is the life time of charge carriers in each section , T^ is the confinement factor 
of the mode energy contained in the active region, ^ P。^  is the total output i •j 
！ 
1 
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\ power for all modes measured from the facet, %co is the photon energy and 
1 1 
a -——ln( ) is the mirror loss. 
” l L R,R. 
i “ 
The first term of Eq.(5.7) represents the increase of N^ due to injection 
current. The second term represents the decrease of yV；. due to spontaneous 
emission, non-radioactive recombination and Auger recombination, r .^ is given 
by 丄二^4, + BN^ ^ C N ^ where A ^ is the non-radiative recombination 
: r^ "r ‘ 
coefficient caused by defects, B is the radiative recombination coefficient and C is 
the Auger coefficient The third term represents the depletion of N^ due to 
stimulated emission which is dependent to both carrier density and intracavity 
2r Y.P 
photon density P 二 ~""'^'(抓 .The factor 2 is due to the assumption of equal 
ticoa-
m 
facet reflectivities so that the same power is emitted from the two facets. 
^Y 
For continuous-wave operat ion,——-=0 . Thus 
rh 
Cit 
^ - ^ — r , a ' ( l o g ^ ) % ^ 二 0 . (5.8) 
： 代 ^1 N\‘ ficoa^ 
Once A〜are found, Re( ^ ) and L n ( ^ ) can be found by using Eq.(5.5) and 
(5.6).Then they can be substituted into the transcendental equation Eq.(4.65) for 
i 
•i 
numerical calculation of A^. 
i 
I 
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：  
Section 5.2 Simulation of the spectral behaviour of the two-
section DFB laser 
•a 
In order to get a better understanding of the experimental results, we have 
simulated some of the spectral behaviors of the 1.3 jLim two-section DFB laser by 
•| 






5.2�1 Assumptions and Approximations \ ‘ 
i .1 ) 
j Since the DFB laser is a very complicated device, there are many effects and i •1 I 1 
processes that are taking place simultaneously. Generally, there is a tradeoff 
j between accuracy and effort that precludes us from considering all the processors. 
T" 
In our approach, the longitudinal spatial hole buming effect is considered and 
1 both facet reflectivities with sane value of 0.32 are assumed. For simplicity, 
I ！ 
j spontaneous emission, and gain saturation are neglected. 
i Longitudinal spatial hole burning effect is caused by the interaction o f the 
axially varying optical intensity with the injected carriers. The resulting 
i 
1 inhomogeneous carrier density distribution then gives rise to a non-uniform active 
layer refractive index through carrier-induced index change. This instability is 
particularly severe in devices with built-in phase-shifters. As our device is 
injected current inhomogeneously, it is necessary to consider this effect. The 
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Facet reflectivities ofboth facets of our device ro and r [ are assumed to have 
magnitude of 0.32 because both of them are as cleaved. Their phases are assumed 
to be zero for simplicity. 
Spontaneous emission is ignored due to the difficulty of treatment of its 
I 
j • 
j random phase. A direct consequence is a disjointed transition a threshold which 
'j manifests as an abnipt change in the power curve. Since our simulation focus on 
the spectral behaviours of the laser above threshold, it can be ignored without 
! great loss of accuracy, 
j 
.1 
1 Nonlinear gain saturation is neglected in our simulation as the interested i ‘ ;| 
• I 





We have chosen a set of sectional currents used in our experiment for this 
analysis: I i is fixed at 15.1 mA while I2 is varied from 17.1 to 55.7 mA. The 
； values of I i and I2 are listed in Table 5.1. 
1 
1 
| i i ( m A ) | i5 . i J i 5 . i [ m [ m [ m [T^1 
12 (mA) 17.1 ~ ~ ^ 2 ^ ^ 44^9 J ^ 
Table 5.1 Values of injection currents used in simulation. 
Other parameters for simulation are listed in Table 5.2. Some of them are 
obtained from reference papers and books[l, 5] and assumed to be general to 1.3 
I 
^im two-section DFB lasers，such as the active layer thickness, effective width of 
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•\ 
Some of them are unique to our device, like power output, lasing wavelength, 
lengths of the two sections and reflectivities ofboth facets. 
j 
Parameters Values 
Active layer thickness (d) 0.2 ^im 
Effective width of active layer (w) 2 ^im 
‘ 2~] 
Radiative recombination coefficient (B) 2xl0E-10 cm /s 
Auger coefficient (C) 2.3xlOE-29cm^^s 
Confinement factor ( F ) 0.5 
Differential gain (g') 1. 6E-16 cm^ 
d/ / /d .Y ( / / ' ) -8E-21 cm3 
Power output from one facet (EPout) 1 mW 
Approximate lasing wavelength (入。） 1-3 M-m 
Length of section 1 (Li) 0.37 mm 
Length of section 2 (L!) 0.67 mm 
Reflectivity ofboth facets (r。，rL) 0.32 
Table 5.2 Parameters used in simulation. 
5.2.3ComputerImplementation 
^ * 
Due to the limited time and resources, a simple computational method was 
used to estimate the lasing wavelengths of the two-section DFB laser at certain 
bias conditions. The program is written in Matlab on a SUN station. The steps of 
implementation ofthe program can are listed below: 
1. Set the device, material and grating parameters for initialization. 
2. Specify the injection currents in section 1 and 2 (Ii and I2). 
: 5-6 
1 











I 4. Calculate Re( d , ) and Jm( 5^) from Nj and N2 with Eq.(5.5) and (5.6). 
i 
i 5. Set an array of values for Re( A ^ ) and Jm( A ^ ) . The range and step of the 
i 
： values have to be balanced according to the limited RAM ofthe computer. 
6. Write Eq.(4.65) as F(Re( ^ ) , Im( ^ ) , Re( A ^ ) , L:n( A ^ ) )=0. Put the array 
ofvalues of R e ( ^ ) , I m ( ^ ) , Re(A^) and Im(A^ ) mtoF=0. 
7. Plot the contour curves of Re( F) 二 0 and Lm(_F) = 0 against Re( A ^ ) and 
： M A J . 
8. Locate the intersection points of contour curves of Re( F) = 0 and 
M{F) = Q. 
9. Determine the intersection point of which Lna(A^) is smallest. This is 
supposed to be the lasing condition of the laser diode. 
10. Calculate the lasing wavelength from Re( A ^ ) and threshold gain froin 
foi( A ^ ) with Eq.(4.66) and (4.67). 
5.2.4 Results and Discussion 
The Contour plots of R t { F ) = 0 and L:n(/O = 0 against Re(A^) and 
ta( A ^ ) , for the injection currents listed in Table 5.1’ are shown in Fig.5.1 (a)-(g). 
The solid lines are plots of Re(i^) = 0, while the dashed lines are plots of 
j L:n( F) = 0. The solutions of Re( A ^ ) and Jm{ A ^ ) are determined from the 
I 
•I 
1 intersection points of Re(\F) = 0 and M { F ) 二 0. For a particular set of input 
i i 4 
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i current, there can be infinite number of such kind of points. However, only the i ‘ 
i 
I 
！ point of lowest value of tn ( A ^ ) is interested as it represents the condition of 
I 
'I 
I lowest gain threshold. That means the laser wi l l lase at the wavelength found 
！ j 
！ from the corresponding Re( A ^ ) . These points are all marked by a square as 
shown in Fig 5.1 (a)-(f). For some situations that the second lowest Ln(A^^) is 
very close to the lowest, both points are located. These results can be interpreted 
j as dual-mode oscillations. Table 5.3 lists the values of Re(A^) and Jm{A^) 
located in Fig 5.1 (a)-(f). 
fc"(mA)~~~|l2 (mA) Re( A^) | M 〜 ) 
T 5 l m -6.342 0.5015 
m ^ -2.7601 0.7476 
-9.4465 0.8614 
m ^ -3.1554 0.6119 
m 1 ^ 9 0.1034 0.7036 
“ -3.4016 0.7876 
T H ^ -9.4095 0.5391 
-13.2409 0.6662 
0.0185 0.6681 
m J ^ -23.3018 0.3131 
-0.182 0.4045 
L__ 
Table 5.3 The values oflowest L:n( A .^^ ) and the corresponding Re( A,”) found in 
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Fig.5.1 (a) The contour plot of Re(F)=0 and Im(F>=0 against Re(AJ 
and Lm(AJ at Ii=15.1 mA and ^=IT.l mA. The intersection point of 
(Re(A^)=-6.342, Im(AJ=0.5015 ) is located to calculate the lasing 
wavelength and gain threshold. 
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Fig.5.1 (b) The contour plot of Re(F)=0 and tn(F)=0 gainst Re(AJ 
and Im(A^) at I i=15.1 mA and、=21.49 mA. The intersection points 
of (-2.7601，0.7476) and (-9.4465, 0.9714) are located to calculate the 
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Fig.5.1 (c) The contour plot of Re(F)=0 and Im(F)=0 against Re(AJ 
and Im(4n) at Ii=15.1 mA and ^=24.9 mA. The intersection point 
of (-3.1554, 0.6119) is located to calculate the lasing wavelength and 
gain threshoid. 
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i Fig.5.1 (d) The contour plot of Re(F)=0 and Im(F)=0 against Re(AJ 
and Im(AJ at Ii=15.1 mA and l2=34.9 mA. The intersection points of 
(0.1034, 0.7036) and (-3.4016, 0.7876) are located to calculate the lasing 
wavelengths and gain thresholds. 
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Fig.5.1 (e) The contour plot of Re(F)=0 and ImOF)=0 against Re(AJ 
and Im(A^) at 1=15.1 mA and ^=44.9 mA. The intersection points 
of (-9.4095，0.5391), (-13.2409, 0.6662) and (0.0185, 0.6681) are 
located to calculate the lasing wavelengths and gain thresholds. 
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Fig.5.1 (f) The contour plot of Re(F)=0 and ImOF)=0 against Re(AJ 
and I m ( ^ at 1^=15.1 mA and 1=55.7 mA. The intersection points 
,| of (-23.3018, 0.3131) and (-0.182, 0.4045) are located to calculate 
the lasing wavelengths and gain thresholds. 
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\ 
\ 
Before we calculate 入(）by substituting Re(A^ ) into E q . ( 6 6 ) , we should 
determine the grating period , Ag，at first. Let's assume at Ii=15.1 mA and l2= l l . 1 
mA, the experimental wavelength, 1300.45 nm (for details of the experiment, 
！ 
please refer to Chapter), is equal to the theoretical value. Thus, we can substitute •| “ 
.| 
1 lo^l300.45 nm and Re(A^)=-6.342 into Eq.(4.66) to calculate Ag. As Ag is 
j 
1 
assumed to be constant for a laser under different bias conditions, once it is 
i 
determined, other theoretical h) can be worked out from Re( A ^ ) obtained for 
I j 
other values of I! and h subsequently. The values of h) and gth calculated with 
Eq.(4.66) and (4.67), and the experimental values of Xo are listed in Table 5.4. 
i 
|li ( m A ) ~ ~ I 2 (mA) Xe^ pt (nm) A,cai (nm) gth (m'^) 
1 
m m 1300.53~~ 1300.53=^ 0.9929e4 
i 
j 
I m ^ 1 3 0 0 . 2 6 & 1 3 0 0 . 3 0 ~ " 1 . 0 8 7 5 e 4 
I 
1300.54 1300.73~~ 1.1236e4 
•| T H ^ 1300.26 1300.32~~ 1.035e4~~ 
•1 
1 i 
m 34^ 1300.03 & 1300.11~~1.0706e4 
1300.26 1300.34~~1.1029e4 
m 449 1300.03, 1300.26~~1.0073e4 
1300.26 & 1300.98~~1.0562e4 
1301.25 1300.12~~1.0570e4 _^___^ _^_____^ _^  
j m J ^ 1300.06 & 1301.63~~0.9204e4 
1301.26 1300.13~"0.9556e4 
Table 5.4 The calculated results of A.o (^cai) and gth，compared with the 
experimental results of Xo (>^ expt). 
* This value ofX^^ is not calculated. It is assumed to be equal to the experimental result so that the 
grating period，A can be determined. 
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\ 
A comparison of the experimental and calculated tuning curves of the two-
section DFB laser is given in Fig.5.2(a) and (b). Fig.5.2 (a) shows the 
i 
I 
1 experimental results while Fig 5.2 (b) shows the theoretical results. The biasing 1' •] 
j conditions are those listed in Table 5.4. The points connected by solid lines 
represent the lasing wavelengths observed simultaneously. That means multi-
mode oscillations occur. 
•； 
1 1301.40 -
i ¥ 130L20 - T f 
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丨 召 1301-00 -
i GD 
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• F g 
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E 4 • f '> 
•g 1300.20 - 「 
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！ M 1300.20 - t { .. 
j 3 1300.00 I ‘ ‘ ‘ ‘ I ‘ ‘ I ‘ ‘ ‘ ‘ 丨 
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Fig.5.2 A comparison the the experimental and calculated spectral behaviours of 
;| the two-section laser. 
] (a) The graph of experimental lasing wavelegnth plot against I2 for Ii is fixed at 15.1 
mA. 
(¾) The graph ofcalculated lasing wavelegnth plot against h for Ii is fixed at 15.1 mA. 
The points connected by solid lines represent the lasing modes oscillate simultaneously. 
The calculated and experimental curves make a good agreement on for the trends of 
mode transition and niiniber of oscillation modes. 
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The choice of lasing modes in the simulation process based on two basic 
rules: 1) the lasing modes with lowest values of threshold gain are chosen; and 2) 
those lasing modes with difference in their threshold gains not greater than 5% of 
the mean are assumed to have equal thresholds, i.e., threshold gain degeneracy 
occurs. The resultant tuning curve shown in Fig.5.2 (b) makes a good agreement 
with that shown in Fig.5.2 (a), especially for the trends of mode transition and 
i number of oscillation modes, 
j 
The discrepancy between the values of experimental and theoretical lasing 
I 
I wavelengths can be due to many reasons. The most obvious reason is that the 
'1 
'i j 
j some parameters listed in Table 5.2 such as the active layer thickness, effective 
>j 
width of active layer, confinement factor, are assumed with respect to reference 
I 
papers and books. As a matter of fact, these parameters are different for different 
j devices. Another main reason is that many effects like spontaneous emission, and 
•j 
1 
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1 i •1 ] 
1 
Section 6.1 Summary 
j i 
By making use of the spectral characteristics of a 1.3 pjm two-section DFB 
laser, optical generation of millimeter-waves is demonstrated. The laser diode can 
oscillate at 3 sets of dual modes of wavelengths at 1300.13 and 1300.36 nm, 
1300.51 and 1300.03 nm, 1300.00 and 1301.20 nm, respectively, by simply tuning 
the injection currents. Millimeter-waves of frequencies 49, 76 and 208 GHz are 
obtained by beating these dual-modes. The millimeter-waves were transmitted 
over a 25 km optical fiber link successfully. 
The two-section DFB laser can act as a compact source of millimeter-waves 
as no polarization controller, optical filters and intensity equalization schemes are 
needed. It has a great potential in application of "fiber/radio" system, in which 
microwave or millimeter waves are generated and transmitted optically. Since the 
dual-mode oscillations can be simply controlled by varying the injection currents, 
( 
I the millimeter-wave output can be modulated to 'ON' or 'OFF' conveniently by 
> � 
j 
modulated the injection currents. Thus digital signals can be fed into the 
i millimeter-wave subcarriers and then transmitted over the optical fiber network, 
j 
\ 
I The spectral behaviours of the two-section DFB laser is simulated using a I i 
simple computational method base on couple-wave theory and transfer matrix 
i •j 
method. The simulated wavelength tuning makes a good agreement with the 
i 
1 experimental results. 
I 
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Section 6.2 Future works 
1 
\ More works can be done to enhance the wavelength tuning of the two-
section DFB laser. For example, as lasing wavelength depends on temperature of 
the laser diode, we can add a temperature controller on the laser diode such that 
the wavelength can be tuned thermally. On the other hand, the wavelength of the 
laser can also be stabilized with the temperature controller. 
I f a fast enough photo-detector and millimeter-wave antennas are available, 
the optical beat signals can be converted to electrical signals, and then transmitted 
by the antenna into free space. Thus, an indoor antemia base station of 
"fiber/radio" system can be developed. However, for the application of wireless 
indoor LAN, the mechanism of millimeter-wave indoor propagation should be 
understood at first. Moreover, for realistic communication, effective methods of 
keying the signals into the millimeter-wave riding on a optical carrier have also be 
investigated. 
The two-section DFB laser can also act a short pulse generator i f the high 
I frequency beat signals can 5e shaped and compressed. I f the wavelengths of the 
i laser diode are greater than the wavelength of zero-dispersion of the optical fiber， 
:^  
j the beat signals can be compressed by transmitting through a certain distance of 
j the optical fiber. I f the intensity ofthe laser output is high enough, the beat signals i 




Appendix A Source code for simulation of spectral behaviours ofthe 
two-section DFB laser 












Si di=-8e-27; 1 ‘ 
lambda=1300e-9; 
st=0; 
IIl=input('current in section 1 in mAW); 
lI2=input('current in section 2 in mAW); 
I M I l * l e - 3 ; 
n - I I2 * le -3 ; 
i ^ .] 
t ] 
















,1 , ,J 
dl=dbl(Delta, delta, Ll，L2); 
d2=db2(Delta, delta, L l , L2); 
丨 r l = r (d l , k ) ; 
r2=r(d2, k); 
rgl=rg(r l ,dl，k); 
rg2=rg(r2, d2, k); 
rgg l= rgg( r l ,d l , k ) ; 
i rgg2-rgg(r2, d2, k); 
I 
a l=a( r l ,L l ) ; 
a2=a(r2,L2); 




‘ t l l -ca l_ t l l (a l ,a2, rg l , rg2) ; 
t21=cal_t21(al,a2,rgl,rg2); 
i 
I f l=rO.*t21+t22-rL*(rO.*t l l+t l2); 
I f l_r=real( f l ) ; 
f l_ i= imag(f l ) ; 
•i clf; i 
j [c,h]-contour(RDelta, n3elta, f l _ r , [0 0],'k-'); 
hold on; “ 
[c,h]=contour(RDelta, H3elta, f l _ i , [0 0],'k-'); 
1 
\ 
•i .i ：« 
xlabel('Re(Delta)'); 
i ylabel('Im(Delta)'); 
I 1 i 
i 
, ' , i 
A-2 
i 
2. Subroutine for calculating Ni and N2 
function [result]=cal_N(I,L); 
resulHI/L/6.4e-32+1.064e 17)/(0.8e9+1.91 e-7); 
3. Subroutine for calculating dpi 
function [result] =db 1 (Delta，delta, 11，12); 
result - Delta./(ll+12)-delta.*12./(lK12)^2; 
4. Subroutine for calculating dB2 
j ] 
function [result] =db2(Delta, delta, 11,12); 
result = Delta./(11+12)+delta. *11 ./(11 +12)^2; 
i 
5. Subroutine for calculating yi and y2 
function [result] = r(db, k); 
result = sqrt(k.^2-db.^2); 
I 1' 
i 
I 6. Subroutine for calculating Ti and T2 
function [result] = rg(r,db, k); 




7. Subroutine for calculating exp(yiLi) and exp(Y2L2) 
"i •j 
function [result] 二 a(r，l); 
resuIt = exp(r.*l); 
1 
8. Subroutine for calculating t22 
•:i 
•j 




9. Subroutine for calculating tl2 
. function [result] = t t l2(al , a2, rg l , rg2); 
result = (al-l./ar).*(rg2.A2./a2-a2).*rgl+(a2-l./a2).*(rgl.A2.*al-l./al).*rg2; 
10. Subroutine for calculating t l l 
function [result]=tl l(al,a2,rgl,rg2); 
resultKrg2.A2./a2-a2).*Org].A2./al-al>Tgl.*rg2.*(al-].Za]).*(a2-l./a2); 
11. Subroutine for calculating t21 
function [result]=t21 (a 1 ,a2,rgl ,rg2); 
result=rg2.*(a2-l./a2).*(rgl.A2./al-al)-rgL*(al-L/al).*(rg2.A2.*a2-l./a2); 
I 
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